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Concanavalin A (Con A)" from jack bean (Canavalia ensiformis) and agglutinins from the pea (Pisum sativum, PSA), the lentil (Lens culinaris, LCH), and the fava bean (Vicia faba, VFA) constitute a group of D-mannose/Dglucose binding legume lectins with high protein sequence homology and common carbohydrate binding properties. The molecular structure and carbohydrate binding specificity of these lectins have been extensively studied (1). Whereas Con A consists of four identical subunits, the other lectins are composed of two light (LY) and two heavy (p) chains. With regard to their carbohydrate binding specificity, all four lectins require the pyranose forms of cu-D-mannose/cu-D-glucose. The hydroxyl groups most critical for Con A binding are those at positions C-3, C-4, and C-6 and it will tolerate considerable variations at the C-2 position. On the other hand, lectins from the pea, the lentil, and the fava bean require unmodified hydroxyl groups at C-4 and C-6.
The lectins PSA, LCH, and VFA, however, differ significantly from Con A in binding 3-O-substituted derivatives of D-mannose/D-glucose.
Using the technique of hapten inhibition of hemagglutination, Allen and coworkers showed that the 3-O-methyl and 3-0-benzyl derivatives of glucose are 2-16 times more inhibitory than glucose for the pea, the lentil, and the fava bean lectins but are very poor or noninhibitors of Con A (2). Studies on the inhibition of the precipitation reaction of the pea and lentil lectins with a phosphomannan led to similar a Abbreviations used: Con A, the lectin from jack bean (Calzaualin ensiformis); PSA, the lectin from the pea (Pisum satiuum); LCH, the lectin from the lentil (Lens culinaris);
VFA. the lectin from fava bean (Vicia f&a); me, methyl; manp, mannopyranoside; glcp, glucopyranoside; PBS, phosphate-buffered saline, pH 7.2; TIE, thin-layer chromatography; 'H NMR, proton magnetic resonance spectroscopy.
results (2, 3). However, the S-O-linked disaccharides of glucose, nigerose, and laminaribiose were found to be poor inhibitors of the pea, the lentil, and the fava bean lectins (2,3). On the basis of these results, Allen and co-workers suggested the presence of a hydrophobic area in the sugar binding site of the lectin that interacts with the methyl group of the 3-O-methyl glucose and the methylene (or benzyl) group of 3-0-benzyl glucose. The 3-O-substituted D-mannose derivatives were not examined. Sites which bind hydrophobic ligands are a common feature of many plant lectins, notably those present in leguminous plant seeds. Several classes of such sites have been described from non-to highly specific. The objective of the present study was to explore a class of nonpolar binding sites adjacent to the carbohydrate binding sites of PSA, LCH, and VFA. In designing the carbohydrate ligands as probes of this hydrophobic site, we kept in mind their potential application as intermediates in the preparation of photoaffinity labels for mapping the nonpolar binding site in these lectins. Thus the nitrobenzyl derivatives of methyl tu-I)-manp and methyl a-u-glcp were chosen because they could then be transformed to their photoactivable azido derivatives for afhnity labeling. In this paper we report the synthesis of the monosaccharide derivatives 5, 6, and 19-30 and evaluation of their binding to Con A, PSA, LCH, and VFA by the technique of hapten inhibition of precipitation. Methyl BOO-(p-nitrobenzoy1).n-U-glucopyrarzoside (5).
MATERIALS AND METHODS
Compound 3 (215 mg, 0.5 mmol) was suspended in 25 ml of 80% aqueous acetic acid, stirred at reflux for 3 h, and concentrated to dryness under reduced pressure. Column chromatography on silica gel (chloroform/methanol, 20/l) followed by crystallization from hexane/ethyl acetate furnished the title compound 5 as needles, TLC R, 0.26 (chloroform/methanol, 15/l), mp 166-167°C.
'H NMR (500 MHz, CDC&, and a drop of CD,,OD): 6 8.31 and 8.27 (ABq, 4H,p-NO&HI), 5.02 (d, lH, Ji,, = 3.7 Hz, H-l); 4.94 (dd, lH, J,,, = 3.7 Hz, J2,s = 10 Hz, H-2); 4.10-3.20 (m, SH, H-3, H-4, H-5, H-6. H-6', and OCH,s); 2.21 (dd, lH, J = 4.6 and 9.5 Hz, 6-OH).
Compound 4 (215 mg, 0.5 mmol) was treated in the same manner as above to obtain the title product Table II .
Compound 9 (35 mg, 0.084 mmol) was dissolved in methanol (3 ml) and to this solution cation-exchange resin (IR-120-H+, 0.3 g) was added. The reaction mixture was stirred overnight at 30°C. The methanolic solution was filtered through Whatman filter paper and the filtrate was concentrated under reduced pressure to a syrup. Column chromatography of this syrup on silica gel followed by lyophilization afforded the title compound (21) as a pale yellow powder (>BO%). TLC (chloroform/methanol, 9/l) R, 0.31, mp 115-l 16°C. 'H NMR data are given in Table III. Methyl .'I~O-(p~nitrobenzyli~n-D-fil~copyrarzoside (24) .
Compound 12 (30 mg, 0.072 mmol) was treated in the same manner as above to obtain 24 as a pale yellow solid (90%). TLC (chloroform/methanol, 9/l) R, 0.39, mp 109-l 11 "C. 'H NMR data are given in Table III Mass spectra were recorded on a VG Analytical (70-S) mass spectrometer using ammonia as a reagent in the chemical ionization mode and pnitrobenzyl alcohol as a matrix in the fast atom bombardment mode.
Quantitative precipitation and precipitation inhibition assay. A microprecipitation technique was employed for quantitative precipitation assay (9). Stock solutions of Con A (1 mg/ml), the lentil lectin (5 mg/ ml), fava bean lectin (5 mg/ml), dextran B-1355 S (2 mg/ml), S. cereuisiae mannan (1 mg/ml), Pichiu sp. phosphomannan (5 mg/ml), and H. ho&ii phosphomannan (5 mg/ml) were prepared in phosphate-buffered saline (PBS). In the case of the pea lectin, a stock solution (2 mg/ml) was prepared in PBS containing 0.1 mM MnC&. The precipitation reaction was conducted by adding Con A (15 Kg/15 kl), pea lectin (60 lg/30 PI), lentil lectin (100 @g/20 pl), or fava bean lectin (50 fig/10 ~1) to plastic vials (1.5 ml). Varying aliquots of polysaccharide solution were added and the mixtures were adjusted to a final volume of 100 ~1 using PBS containing 1 M NaCl solution. In the case of the pea lectin, a PBS solution containing 1 M NaCl and 0.1 mM MnCl, was used. The reaction mixtures were kept at room temperature for 2 days and centrifuged (11,500 rpm, 10 min) and the supernatant solutions removed. The precipitates were washed three times with 150 ~1 of PBS containing 1 M NaCl. The protein content of the precipitate was determined by Lowry's method (10) using bovine albumin as the standard.
Stock solutions of the hapten standards (methyl a-D-manp and methyl cu-D-glcp) and monosaccharide derivatives 19-30 were prepared in double-distilled water. Hapten inhibition of the precipitation of lectin polysaccharide complex was carried out by adding varying aliquots (0.5-50 bl) of the standard or the monosaccharide derivative (l-100 mM) to the plastic vial and adding an aliquot of lectin solution (same amount n Yield of isolated pure product. b Chloroform/methanol (9/l). ' Petrolium ether/ethyl acetate (4/l) and petrolium ether/ethyl acetate (2/l) for 8, 9, and 11-18.
as used for the quantitative precipitation) and polysaccharide solution (15 pg/7.5 ~1 of dextran 1355 for Con A, 20 Kg/20 pl of S. cereuisiae mannan for the pea lectin, 80 *g/16 ~1 of Pichia sp. or H. ho&ii phosphomannan for the lentil lectin, and 10 pg/5 ~1 of S. cereuisiae mannan for fava bean lectin). Incubation of the mixtures, processing, and protein determination of the precipitates were carried out as above for quantitative precipitation experiments.
RESULTS
Reaction of methyl 4,6-O-benzylidene-ol-D-glucopyranoside (1) with N-benzoyl imidazole in chloroform gave a mixture of methyl 2-0-(p-nitrobenzoyl)-4,6-O-benzylidene-a-D-glucopyranoside (3) and methyl 3-O-(p-nitrobenzoyl)-4,6-0-benzylidene-cu-D-glucopyranoside (4) in 30 and 20% yields, respectively. The mp and 'NMR data of 3 and 4 agree well with those reported by Ishido and coworkers (8). On stirring a suspension of 3 and 4 in 80% aqueous acetic acid at reflux for 3 h, complete debenzylidenation was effected. The crystalline products 5 and 6 showed a characteristic methine proton signal at 6 4.92 (dd, Jz,l = 3.7 Hz and J2,3 = 10 Hz, H-2) and at 6 5.36 (t, J = 9.5 Hz, H-3), respectively, confirming their structural assignment.
Monoalkylation of methyl 4,6-O-benzylidene-cu-D-glucopyranoside (1) or methyl 4,6-O-benzylidene-cu-D-mannopyranoside (2) was carried out in dry acetonitrile at reflux with one equivalent of K&O, using benzyl bromide, m-nitrobenzyl bromide, or p-nitrobenzyl bromide as the alkylating agent (Fig. 1) . Each of these reactions gave a mixture of monoalkylated products in moderate yields that were purified by flash chromatography on a silica gel column. The reaction yields, and mp data of the monoalkylated products 7-18 are reported in Table I and their 'H NMR data are listed in Table II . Compound 8 was also analyzed by fast atom bombardment mass spectrometry in the positive ion mode and it showed the expected molecular ion peak at m/z 418 [M + H+]+. Debenzylidenation was readily effected by stirring overnight a methanolic solution of each of the compounds 7-18 in the presence of IR-120 (H' form) cation-exchange resin. The deprotection in each case was nearly quantitative and the resultant product was purified on silica gel by column chromatography. the structure was also obtained from mass spectrometry. (32) were prepared according to the procedure of Nashed (6).
Aqueous solutions of 5, 6, and 19-32 (7.5-40 mM) for hapten inhibition study were prepared by gentle warming and or vortexing. Quantitative precipitation of Con A by dextran B-1355-S, PSA by S. cerevisiae mannan, LCH by Pichia sp. or H. holstii phosphomannan, and VFA by S. cerevisiae mannan was carried out by adding increasing amounts of the polysaccharide to a fixed concentration of the lectin in suitable buffer solution (see Materials and Methods). Each of the compounds 5, 6, and 19-32 was assayed for its ability to inhibit the lectin precipitation reaction. Figures 2 and 3 show the typical inhibition curves obtained for LCH:phosphomannan systern using 19-30 as haptens. The 50% inhibition concentration (I&,) values obtained from these curves for 19-30 were normalized with respect to that of the standard monosaccharide haptens, methyl a-D-glcp and methyl a-D-manp to give relative inhibitory potencies (see Tables IV and V) Tables IV and V. The p-nitrobenzoyl derivatives 5 and 6 were poor inhibitors for both Con A and PSA. The 2-O-and 3-Omethyl derivatives of methyl cr-D-manp, 31 and 32, were moderately more potent (2.4 and 6 times, respectively) than methyl o-D-manp for inhibiting the precipitation of PSA by S. cerevisiae mannan. All of the 2-0-benzyl and nitrobenzyl derivatives 19-21 and 25-27 were 1.3 to 16.7 times more inhibitory than the standards for all four lectins. The corresponding 3-O-isomers 22-24 and 2% 30 were much more potent (2.8 to 40.5 times) than the standards for PSA, LCH, and VFA but were essentially noninhibitors of Con A.
DISCUSSION
Many legume lectins are known to possess at least three classes of nonpolar binding sites in addition to their car- bohydrate and metal binding sites. Several legume lectins doleacetic acid (K, is present in each subunit including lima bean lectin contain a specific, high-affinity of Con A and many other lectins (13). The third class binding site for adenine and its N-6 derivatives wit,h as-involves a hydrophobic site present adjacent to the carsociation constants 105-lo6 M-l (12) . A low-affinity site bohydrate binding site. In Con A, this site interacts with that interacts with ligands such as tryptophan and inthe phenyl groups of phenyl/3-glucosides and mannosides Me n-D-glucopyranoside Me a-D-mannopyranoside In the present investigation we sought to obtain a better understanding of the site present in the legume lectins which interacts with hydrophobic ligands. A series of derivatives of methyl a!-D-gkp and methyl ar-D-manp containing 2-O-and 3-0-benzyl, m-nitrobenzyl, andp-nitrobenzyl substituents were synthesized according to the scheme shown in Fig. 1 . The 2-O-and 3-O-methyl derivatives of methyl cu-D-manp and 2-O-and 3-O-p-nitrobenzoyl derivatives (see Materials and Methods) of methyl oc-D-gkp were also prepared as probes for elucidating the structural requirements for the hydrophobic ligands. Nitro substituents in the phenyl ring were chosen so that these compounds could serve as precursors for the preparation of azido derivatives for affinity labeling of these hydrophobic sites. The yield of the isolated intermediates 7-18 was moderate. 'H NMR spectra of each of the intermediates 7-18 showed characteristic signals arising from aromatic ring protons, the methine proton of the benzylidene group (5.52-5.62 ppm), the anomeric proton (4.61-4.82), and the glycosidic methyl protons (3.36-3.45). Sugar ring protons of 2-O-substituted compounds 7 and 9 exhibited well-resolved resonances and hence were amenable to complete spectral assignment, whereas the remainder of the derivatives lo-18 showed overlapping signals in the sugar ring proton region (see Table II ). 'H NMR spectrum of 9 provided convincing spectral evidence for its identity as methyl 2-0-(p-nitrobenzyl)-4,6-0-benzylidene-a-D-glucopyranoside.
Three resonances appearing at 6 4.78 (d, lH, J1,2 = 3.6 Hz), 4.20 (dt, lH, JX,4 = 9.1 Hz, J:3,z = 9.3 Hz, Js,oH = 1.8 Hz), and 3.52 ppm (dd, lH, Jz,l = 3.6 Hz, J,,, = 9.3 Hz) were tentatively assigned to H-l, H-3, and H-2, respectively. On D,O exchange, the signal at 4.20 ppm collapsed to a triplet and subsequent irradiation of the resonance at 4.78 ppm resulted in the simplification of the signal at 3.52 ppm into a doublet (JZ,, = 9.3 Hz), thus confirming the structural assignment. In contrast to compounds 7 and 9, the debenzylidenated 30substituted derivatives 28-30 showed well-resolved sugar ring proton resonances. The identity of compounds [19] [20] [21] [25] [26] [27] and 22-24,28-30 as the 2-O-and 3-O-isomers, respectively, was also established unambiguously by periodate oxidation (11). The hapten inhibition assay results summarized in Table IV and Table V indicate the following: (i) the presence of a methyl or methylene group at the O-2 or O-3 position of methyl a-D-glcp and methyl a-D-manp is essential for hydrophobic interaction with PSA, LCH, and VFA; (ii) the substitution of methyl by benzyl leads to enhanced binding with the m-nitrobenzyl group contributing to maximum binding; and (iii) a ligand-protein hydrophobic interaction is also involved between Con A and 2-0-methyl, 2-0-benzyl, and 2-0-nitrobenzyl derivatives, resulting in greater binding, but, the corresponding 3-O-isomers bind poorly due probably to steric hindrance.
These results may be rationalized on the basis of the recently published high-resolution X-ray data of Con A (15) and VFA (16). As shown by Reeke and Becker (16) 
